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INTRODUCTION 

Gas i f i ca t ion ,  d e v o l a t i l i z a t i o n ,  combustion and o the r  c o a l  conversion p rocesses  
a r e  qu i t e  complex, involvingnumerous,  no t  well def ined  r e a c t i o n s ,  and s imul taneous  
phys ica l  s t r u c t u r e  t r ans fo rma t ions .  In  o rde r  t o  desc r ibe  these  phenomena, s e v e r a l  
e f f o r t s  have been r e p o r t e d ,  based e i t h e r  on empi r i ca l  k i n e t i c  expres s ions  (1-5) or 
on t h e o r e t i c a l  models (6-12). In  t h e  former,  r a t e e x p r e s s i o n s  a r e  given i n  terms of 
v o l a t i l e  s p e c i e s ,  r e s i d u a l a n d  a c t i v e  carbon, a n d r e a c t a n t  gas  concen t r a t ion  o rp res - .  
s u r e .  Theore t i ca l  models a t tempt  t o c o u p l e  r e a c t i o n  rates with mass and h e a t t r a n s -  
f e r  processes.  The va r ious  models, however, d i f f e r  s i g n i f i c a n t l y  fromeach o t h e r ,  
b e c a u s e o f t h e  d i v e r s i t y  o f  t h e  chemical and phys ica l  phenomena which they  d e s c r i b e  
(e .g .  py ro lys i s , combus t ion ,  s t e a m g a s i f i c a t i o n e t c )  and t h e d i f f e r e n c e  s i n a s s u m p t i o n s  
and s i m p l i f i c a t i o n s  involved  i n  each one. 

F a s t c o a l p r o c e s s e s ,  s u c h a s  oxygen combustion, rap id  p y r o l y s i s  a n d d e v o l a t i l i z a -  
t i o n a r . e u s u a l l y  cons ide red  top roceed  v i a a s h r i n k i n g  co re  model, e i t h e r  i so the rma l ly  
or non-isothermally (6-11). , Mass t r a n s p o r t  l i m i t a t i o n s  are o f t e n  assumed t o  occur  
wi th in  a r e a c t e d  s h e l l ,  sur rounding  a c o a l  p a r t i c l e  (6-7). The p o r e s t r u c t u r e  o f  t h e  
r e a c t i n g  p a r t i c l e s  is cons idered  unchanged, i n m o s t o f  t h e s e  models (6-91, a l though  
t h e  e f f e c t  o f  pore  s ize  d i s t r i b u t i o n  has  been examined (8) .  

S t r u c t u r a l  v a r i a t i o n s  o f c o a l  wi th  r e a c t i o n  t imehave  been inc lude  d i n  fewmodels,  
such  a s  i n  hydropyro lys is  of s o f t e n i n g c o a l s ( l O ) ,  i n  coal-oxygen r e a c t i o n s  (11) and 
i n  cha r  g a s i f i c a t i o n  (12) .  In  a comprehensive a n a l y s i s  o f  coa l  combustion models,  
So t i r chos  and Amundson (11) cons idered  only  t h e  macropores of coa l .  Thus, l o c a l  
conversion andpora  s t r u c t u r e  depended on lyon  t h e  thermal g r a d i e n t s a t  va r ious  t o t a l  
convers ions .  Lee.'at a l .  (12)  developed a' cha r  g a s i f i c a t i o n  mode!., i n  which Knudsen 
d i f f u s i o n  ( i n  t h e  micropores) ,  a s  well a s  pore  s t r u c t u r e  v a r i a t i o n s  due t o  carbon 
consumption, were inc luded .  However, on lyone  r e a c t i o n  wasconsidered t o  t a k e  p l a c e ,  
w i th  C O 2  as a g a s i f y i n g  medium. Th i s  model s i m p l i f i e s t h e r e a c t i o n  network., i gnor ing  
t h e  p a r t i c i p a t i o n  o f a n  a c t i v e  carbon s p e c i e s  a n d a l s o  t h e  product mass t r a n s f e r  and 
t h e  r eac t an t  accumulation. These s i m p l i f i c a t i o n s  y i e ld  a n a n a l y t i c a l  s o l u t i o n ,  a t  
pseudosteady s t a t e  cond i t ions .  

The model proposed he re  cons ide r s  t h e  phys ica l  and chemical processes  occur ing  
i n  a g a s i f y i n g  s i n g l e  p a r t i c l e  and c o r r e l a t e s t h e p r e d i c t e d  r e s u l t s  w i thexpe r imen ta l  
macroscopic d a t a .  An a c t i v e  carbon s p e c i e s  isassumed (13) t o r e a c t  i n  two p a r a l l e l  
s t e p s  to fo rm a gaseous product o r s t a b i l i z e d  char  (coke).  Reactant andproduct  d i f -  
f u s e  i n  and o u t  o f t h e  p a r t i c l e  whi le  t h e  l o c a l  micropore s t r u c t u r e  can vary  due  t o  
carbon r e a c t i o n  and consumption. The model permi ts  e s t ima t ion  o f  t h e  l o c a l  r a d i a l  
d i s t r i b u t i o n  o f  r e a c t a n t  and product concen t r a t ions ,  r e a c t i o n  rates, s u r f a c e  a r e a s  
and p o r o s i t i e s  wi th  time. Global p r o p e r t i e s ,  such a s  product y i e l d s ,  s u r f a c e  a r e a  
and poros i ty  a r e  a l s o c a l c u l a t e d ,  f o r  comparison w i t h t h e  corresponding exper imenta l  
q u a n t i t i e s .  hydrogas i f i ca t ion ,  a process  which 
has  rece ived  less a t t e n t i o n  compared wi th  steam o r  Cop g a s i f i c a t i o n .  

FORMULATION OF THE MODEL 
A s i n g l e  s p h e r i c a l  l i g n i t e  orcoalparticle,ofradiusr,,.isconsidelied t o  undergo 

hydrogas i f i ca t ion ,  a f te r  i n i t i a l  r a p i d  d e v o l a t i l i z a t i o n .  D u r i n g t h i s i n i t i a l  s t a g e ,  
a measurable, uniform p o r e s t r u c t u r e ,  andan  assumed hydrogen p r o f i l e  have developed 
wi th in  t h e  p a r t i c l e .  - I so thermal  r e a c t i o n  i n  a uniform, cons t an t  hydrogen atmosphere. 

The model is app l i ed  he re  t o  c o a l  

The . fo l lowing  assumptions apply t o  t h e  model formulation: 
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- Constant p a r t i c l e  s i z e ,  with uniform r a d i a l  pore s t r u c t u r e  d i s t r i b u t i o n  i n i t i a l -  

- Negligible  f i lm  d i f f u s i o n  r e s i s t a n c e  around t h e  p a r t i c l e .  - Predominantly micropore s t r u c t u r e  f o r  t h e  p a r t i c l e .  
Char hydrogas i f i ca t ion  involves  an a c t i v e  carbon s p e c i e s ,  which, w i t h  hydrogen 

y i e l d s  methane, o r  by c r o s s l i n k i n g  r e s u l t s  i n  coke formation and carbon s t a b i l i z a -  
t i o n :  

l a )  

<cH4 1b ) Coke 

From a v a i l a b l e  r a t e  expres s ions  f o r  CH4 andcoke formation (13), t h e  in s t an taneous ,  
l o c a l  r eac t ion  r a t e s  w i th in  t h e  p a r t i c l e  a r e  given by Equations 2 and 3 .  

l y  ( t=O).  

L i g n i t e  Active Char (C*) 

€1 R ( r , t )  = ko exp(- m) p S C C CH4 1 P 9 C* Hg 

Reactant (H2) and product (CH4) coun te r  d i f f u s e  through t h e  porous p a r t i c l e  matr ix  
which v a r i e s  with t ime and l o c a t i o n  d u e t o r e a c t i o n .  Thus, t h e  c o n t i n u i t y  equa t ion  
f o r  t h e  two gaseous s p e c i e s  g ives :  

The e f f e c t i v e  d i f f u s i v i t i e s  (De,j)  can be r e l a t e d  t o  t h e  Chapman-Enskog d i f f u s i v i t y  
( D H ~ / C H ~ )  and t h e  Knudsen d i f f u s i v i t y  i n t o  t h e  micropores (Dk), (14), by 

Weight (m)  l o s s  and i n c r e a s e  o f  s u r f a c e  a rea  (Sg) and po ros i ty  (E )  of t h e  p a r t i c l e  
occur because o f t h e f i r s t  r e a c t i o n ,  l a ,  and, t h u s ,  t hey  can be c o r r e l a t e d  with t h e  
conversion t o  methane ( X C H ~ )  

Relat ion 6 ,  between bulk ( p  ) and t r u e  ( p t )  p a r t i c l e  d e n s i t y ,  is v a l i d  f o r  non- 
swe l l ing  .or -shr inking p a r t i g l e s  of  cons t an t  s i z e .  For moderate conve r s ions ,  t h e  
su r face  a rea  may be assumed t o  vary l i n e a r l y  with po ros i ty  (15) 

s = s  E 
9 0  
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This  system of  n o n - l i n e a r  p a r t i a l  d i f f e r e n t i a l  equa t ions  was converted t o  a 
system ofd imens ion le s s  non-linear a l g e b r a i c e q u a t i o n s  b y t h e  e x p l i c i t  f i n i t e  d i f f e r -  
ence method. Equation 2-4 and6-10 were s o l v e d i t e r a t i v e l y ,  using t h e  Browntecchni- 
que (16)  and t h e a p p r o p r i a t e  boundary cond i t ions  forCC*, E, CH below. So lu t ion  of 
Eq. 5 ,  with t h e  p e r t i n e n t  B.C. f o r  C C H ~  below, g i v e s  t h e  methane d i s t r i b u t i o n  i n  
t h e  p a r t i c l e .  

A t t  = O a n d O < r < r o  

t > 0 and r = ro 

t > O a n d r : O  

E = Eo I 'CH4 = 

'coke = 

1 cH2 = cH2,s 

L 

A l l  cha r  carbon (CC+) is considered r e a c t i v e ,  a s  i n d i c a t e d  by its complete conver- 
s i o n  i n  high pressupe experiments .  Since hydrogas i f i ca t ion  occurs  a f t e r  i n i t i a l  
r a p i d  p a r t i c l e  
matr ix .  Thus, i n s t e a d o f  t h e  convent ional  boundary cond i t ions  fo rhydrogen ,a s i rnp le  
l i n e a r  i n i t i a l  p r o f i l e  has been assumed and t e s t e d  

hydropyrolysis  (171, some hydrogen p r o f i l e  is expected wi th in  t h e  

c -  H ~ -  = 'HzlS 

A l i n e a r ,  or perhaps a p a r a b o l i c ,  hydrogen p r o f i l e  should be more r e a l i s t i c ,  s i n c e  
hydrogen h a s  p e n e t r a t e d  i n t o  t h e  pores  during t h e  f i r s t  s t age .  A l t e r n a t i v e l y ,  a 
uniform zero hydrogen concen t r a t ion  may beassumed ( C H ~  = O  a t  t = O ,  r < r O ) ,  or even 
a uniform concen t r a t ion  equa l  t o  t h e  bulk one ( C H ~  = CH 

Parameter va lues  were obtained e i t h e r  expe r imen tahy  or from t h e  l i t e r a t u r e .  
s a t  t =0 ,  r d r o ) .  

, So, co and pt were measured a t  800 -95OcC, while  k9 and E 2  
ues r e p o r t e d  i n  r e fe rence  (18) .  The fol lowing va lues  were used 

a r e  

E l  = 35600 cal/mol 

E 2  = 28600 cal/mol 

kz 3.77~10-7 m/min 

pt 1.42 gr/cm3 

st00 = 355 m2/g 

s t 5 0  = 388 m2/g 

S!50 = 410 m2/g 

€0800 0.17 

~ i 5 0  I 0.175 

cZ5O = 0.19 

k y  1 . 7 ~ 1 0 ~ ~  m4/mol.min S9Oo 395 m2/g g o o  = 0.18 

EXPERIMENTAL 
L i g n i t e  hydrogas i f i ca t ion  experiments ,  t o  o b t a i n  k i n e t i c  parameters and macro- 

s c o p i c ,  g l o b a l  p r o p e r t i e s ,  were performed i n  a TGA (DuPont 99.) system and i n  an 
i so the rma l ,  t u b u l a r  r e a c t o r  (17, 19). Products-were cont inuously analyzed by GC 
and IR. Pore s t r u c t u r e , P o r o S i t Y ,  d e n s i t y  and s u r f a c e  a r e a  o f  l i g n i t e  cha r s ,  a t  
v a r i o u s  t.imes and t empera tu res ,  were c h a r a c t e r i z e d b y  mult ipointBET,hel ium pycno- 
me t ry ,  Cog and Np adso rp t ion  (20). 
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RESULTS AND DISCUSSION 

above has  been so lved  us ing  a s imple,  l i n e a r  p r o f i l e  for 
t h e  i n i t i a l  concen t r a t ion  ofhydrogen within t h e p a r t i c l e .  So lu t ion  has beent .obtai-  
ned at eleven radial .  p o s i t i o n s  f o r  a t ime .pe r iod  o f  30 min.using a . t ime increment 
of  one minute. The r e s u l t s  permit  e s t ima t ion  of non-measurable q u a n t i t i e s ,  such 
as thetemporal-radial d i s t r i b u t i o n o f ( a )  hydrogen, methane and.coke concen t r a t ion ;  
(b)  po ros i ty  and s u r f a c e  a rea ;  and ( c )  l o c a l  r a t e s  of methane and coke formation,  
under var ious r e a c t i o n  cond i t ions .  I n t e g r a t i o n  o f p r e d i c t e d  r e s u l t s  over t h e  whole 
p a r t i c l e  y i e l d s  g loba l  p r o p e r t i e s ,  such a s  p a r t i c l e  weight l o s s ,  methane y i e l d  and 
r a t e  of formation, t o t a l  po ros i ty  and s u r f a c e  a rea .  

Comparison of  p red ic t ed  and measured macroscopic p r o p e r t i e s  should e s t a b l i s h  
f i rs t  t h e  adequacy of  t h e  model t o  desc r ibe  t h e  p rocesses ,  
Figure 1 shows c a l c u l a t e d  and experimental  va lues  of carbon conversion t o  methane 
a t  var ious t imes  andtemperatures .  I n  most c a s e s ,  agreement i sgood .  Somedeviat ion 
of experimental  da t a ,  e s p e c i a l l y  a t  high temperatures ,  may a r i s e  from a number of  
reasons,  e.g. d i f f e r e n t  i n i t i a l  hydrogen p r o f i l e ,  s l i g h t l y  higher  order  i n  H2 f o r  
r eac t ion  l a ,  o r  higher  k and E values  than those  obtained f r o m t h e l i t e r a t u r e  f o r  
t h e  c r o s s l i n k i n g  and c a r i o n  s t a z i l i z a t i o n  r e a c t i o n .  

S imi l a r ly ,  t h e  p red ic t ed  development o f t o t a l  p a r t i c l e  su r face  a r e a  a n d p o r o s i t y  
is ingood agreement with t h e  measured phys ica l  p r o p e r t i e s  up t o  30-40 min, F igu res  
2 and 3. One should no te ,  he re ,  t h a t  Equations 7 -10 o f  t h e  model assume a l i n e a r  
growth of  s u r f a c e  a r e a  and po ros i ty ,  d i r e c t l y  p ropor t iona l  to  carbon conversion t o  
methane. Pore blockage, because of carbon s t a b i l i z a t i o n  and . c ros s l ink ing ,  is not 
c u r r e n t l y  considered i n . t h e  model. This phenomenon may exp la in  t h e  d e c l i n e  o f  Sg 
and E a t  prolonged t imes.  

After  t h e  above macroscopic comparison of model and experimental  r e s u l t s ,  a 
microscopic examination should unravel  t h e  t r ans fo rma t ions  t h a t  a l i g n i t e  p a r t i c l e  
undergoes during hydrogas i f i ca t ion .  F igu re  4 shows t h e  a n t i c i p a t e d  hydrogen con- 
c e n t r a t i o n  p r o f i l e  i n t h e  p a r t i c l e ,  a t v a r i o u s  t imes.  If t h e  i n i t i a l  ( t=O) hydrogen 
concentrat ion is assumed t o  vary l i n e a r l y  with r ad ius ,  C H ~  i n  t h e  pores i n c r e a s e s  
with t ime; however, it always remains l e s s  t han  t h e  bulk one, because of  p a r t i a l  
consumption o f  Hz to fo rm methane and counter-diffusion of  t he .p roduc t .  The hydro- 
gen concen t r a t ion  i n  t h e  pores  is a l s o  expected t o  inc rease  ( a l b e i t  somewhat slower) 
i n  t h e c a s e  of  uniform, zero C H ~  i n i t i a l l y .  If a t  t:0,CH2=C~{2,s, hydrogen d i f f u s e s  
i n t o  t h e p o r e s  f a s t e r  t han  it r e a c t s  and i t s c o n c e n t r a t i o n  remains cons t an t  w i t h t i m e .  

Methane i sp roduced  by r e a c t i o n o f a c t i v e  carbon with H2 and d i f f u s e s  out of  t h e  
gas i fy ing  p a r t i c l e .  Its concen t r a t ion  d i s t r i b u t i o n  r a d i a l l y  can be p r e d i c t e d  by 
t h i s  model, a s  shown i n  Figure 5. A t  t h e  o u t e r  l a y e r s  o f  t h e  p a r t i c l e ,  t h e  high 
l o c a l  C H ~  r e s u l t s  i n  high carbon-to-CH4 conversion and, t h u s ,  methane concen t r a t ion  
inc reases .  The d e c l i n e  o f  CH4 a t  t h e  s u r f a c e  (r=ro) is caused by t h e  assumption 
t h a t  methane i s s o  d i l u t e d  i n t h e b u l k  s t ream t h a t  i t s b u l k  and s u r f a c e  concen t r a t ion  
is v i r t u a l l y  zero. Methane c o n c e n t r a t i o n i n  t h e  p a r t i c l e i n c r e a s e s  with t imebecause  
of C H ~  i nc rease ,  c f .  Fig.  4. 

Carbon consumption t o  form gaseous methane should i n c r e a s e  thenumber a n d s i z e  o f  
po res  within t h e  p a r t i c l e ,  dependent on r a t e .  I f  t h e  " s p e c i f i c  s u r f a c e  a rea" ,  Sg, 
is used a s  an approximate,  lumped measure o f  pore s t r u c t u r e  development, a s u r f a c e  
a rea  r a d i a l  d i s t r i b u t i o n  c a n b e p r e d i c t e d ,  F igu re  6 .  This  a r e a  i n c r e a s e s ,  from t h e  
cen te r  of t h e  p a r t i c l e  autwards,  because of t h e  higher  H2 concen t r a t ion  and r a t e  
i n  t h e  ou te r  s h e l l s .  Since CH inc reases  wi th  $ime wi th in  t h e  p a r t i c l e ,  S a l s o  
inc reases ,  t o  a s u b s t a n t i a l  d i f f e r e n c e  of  - 50 m /g between s u r f a c e  and c e n f e r  a t  
30 m i n  r e a c t i o n  time. A s i m i l a r  t r end  is p red ic t ed  f o r  t h e  l o c a l  "po ros i ty" ,  E, 
r a d i a l l y  with time. 

The c a l c u l a t e d  l o c a l  va lues  ofCHg, S g , . e  permit  e s t ima t ion  o f t h e  l o c a l  r e a c t i o n  
r a t e  formethane formation a t  any time, Figure 7 .  Rate i n c r e a s e s  outwards,  fol lowing 
a t rend analogous t o  C H ~  and S,. ,Around t h e  c e n t e r  of t h e  p a r t i c l e ,  C H ~  i n c r e a s e  
with time results i n  s i g n i f i c a n t  i nc rease  of RCH Near t h e  s u r f a c e ,  
R C H ~  is a f f e c t e d  by t h e  s u r f a c e  a r e a  inc rease  (cr ' ,  Fig.  6 ) ,  s i n c e  CHptherechanges 
l i t t l e  (Fig.  4 ) .  

Figure 7 and Equation 2 i n d i c a t e  t h a t  hydrogas i f i ca t ion  is s e n s i t i v e  t o  H 2  

The model formulated 

chemical and phys ica l  

a f t e r  30 min. 
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p a r t i a l  p re s su re .  Thus, r e c y c l e  of t h e  r e a c t a n t  s t ream without  p r i o r  s e p a r a t i o n o f  
product could a f f e c t  r a t e s  i n  t h e  po res  s i g n i f i c a n t l y .  Figure 8 shows a d r a s t i c  
decrease of methane formation r a t e  w i th in  a g a s i f y i n g  p a r t i c l e ,  a t  5 min. With 
P C H ~  : P H ~  = 1 : 1 i n  t h e  d rop  t o  almost zero f o r  r < 0.5 Po, 
and t o  less t han  15 % of  t h a t  f o r  pure H2, a t  ro. I n t e g r a t i o n  of t h e s e  cu rves  
with l o c a t i o n  avd time show t h a t  carbon conversion to  methane a t  900OC should drop 
from -6% i n  pure H2 t o  -1% a t  PHg = 0.5 atm. 

The model desc r ibed  he re  t a k e s  i n t o  account a r e a l i s t i c ,  two path r e a c t i o n  
scheme for h y d r o g a s i f i c a t i o n ,  with s imultaneous v a r i a t i o n  o f  t h e  pore s t r u c t u r e  
p r o p e r t i e s  o f t h e  g a s i f y i n g  cha r  p a r t i c l e .  Po ros i ty  and s u r f a c e  a r e a  d o n o t  develop 
uniformly, w i th in  t h e  p a r t i c l e ,  with time and t h i s  a f f e c t s  hydrogen p e n e t r a t i o n ,  
methane coun te r -d i f fus ion  and,  t h u s , t h e  microscopic  and g l o b a l  r a t e  of g a s i f i c a  - 
t i o n .  The model p r e d i c t s  succes fu l ly  experimental  macroscopic q u a n t i t i e s ,  up t o  
30-40 min of g a s i f i c a t i o n .  Beyond th i s t ime ,  carbon s t a b i l i z a t i o n a n d p o r e  blockage 
may cause some d e v i a t i o n .  The u s e o f t h e  model can be e a s i l y  extended t o  noncaking 
c o a l s  o the r  t han  l i g n i t e  and t o  o the r  g a s i f i c a t i o n  media such a s  CO2 or steam. 
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LIST OF SYMBOLS 

C* Act ive carbon concen t r a t ion  (mol/m3). 
CCH4 I n t r a p a r t i c l e  methane concen t r a t ion  (mol/m3). 
cH2 
cH2, S 
De, j  
012 
Dk Knudsen d i f f u s i v i t y  (m2/s), 
E l ,  E2 
E Poros i ty  o f  p a r t i c l e .  
I 
k p ,  kq 
m P a r t i c l e  mass ( 9 ) .  

*P 

r P a r t i c l e  r a d i a l  coord ina te  (p). 
*t 
r0 P a r t i c l e  r a d i u s  (p). 
R Universal  gas  cons t an t  (1.987 cal/mol K ) .  
R C H ~  ( r , t )  
Rcoke ( r , t )  Rate o f  coking r e a c t i o n  

Temperature ( K ) .  
Time (min). 

bu lk  s t ream, r a t e s  

t o  thank t h e  

I n t r a p a r t i c l e  hydrogen concen t r a t ion  (mol/m3). 
Bulk hydrogen concen t r a t ion  (mol/m3). 
E f f e c t i v e  d i f f u s i v i t y  o f  s p e c i e s  j (H2 o r  CH4) (mz/s). 
Chapman-Enskog d i f f u s i v i t y  (mZ/s). 

Act iva t ion  e n e r g i e s  o f  methane and coke formation (cal /mol) .  

Binary d i f f u s i v i t y  c o e f f i c i e n t  (0.25 f o r  D , , H ~  and -0.5 f o r  D e , y 4 ) .  
Rate c o n s t a n t s  of  methane and coke formation. 

B u l k  d e n s i t y  of  pa t i c l e  (g/cm3). 
True d e n s i t y  (g/cm 3 1. 

S p e c i f i c  s u r f a c e  a r e a  ( m  1 /g). 

Rate o f  methane formation (mol/m3 min). 
mol/m3 min). 

:g 
t 
XCH4 Methane conversion.  

0 I n i t i a l  va lues  a t  t s O .  
Su_kc_fiet-? 
S Bulk s t ream and p a r t i c l e  s u r f a c e  property.  
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Figure 1. Comparison o f  model-predicted (dashed) and experimental 
values for the  conversion o f  char carbon t o  methane. Points and 
s o l i d  l i n e s  are experimental data for hydrogasification. 
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Figure 2. Calculated t o t a l  surface area (dashed l i n e s )  and 
experimental data (points) ,  compared a t  various conditions. 
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Figure 3. Porosity development o f  a lignite particle as measured 
experimentally (points) and predicted by the model (dashed lines). 

L", 
N 
I 
u \ 

N 
I u 

1.0 

0.8 

0.6  
30 min , . 

/ 
/ /  

rl 0.2 0.4 0.6 0.8 1.0 
r/r 

Figure 4 .  Hydrogen concentration profile with time 
in a gasifying lignite particle at 9OO0C (ro=lOOp), 
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F igure  5. Methane concen t r a t ion  p r o f i l e  with 
time i n a  l i g n i t e  p a r t i c l e  a t  900OC (ro=lOOp). 

r h o  
Figure 6.  Sur face  a rea  d i s t r i b u t i o n  wi th  t ime,  w i th in  
a g a s i f y i n g  l i g n i t e  p a r t i c l e  a t  900° C ( P o  I 100 )I 1. 
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Figure 7. Radial  d i s t r i b u t i o n  of methane formation 
with t ime in  a l i g n i t e  p a r t i c l e  a t  9OO0C !ro = loop). 
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Figure 8. E f f e c t  of H2 p a r t i a l  p re s su re  on t h e  r a d i a l  
d i s t r i b u t i o n  o f  methane formation, a t  9OO0C and 5 min, 
(Po  = 100 p). 
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